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SUMMARY
Many insect species use multi-component sex pheromones to discriminate among potential mating partners [1] [2] [3] [4] [5] . In moths, pheromone blends tend to be dominated by one or two major components, but behavioral responses are frequently optimized by the inclusion of less abundant minor components [6] . An increasing number of studies have shown that female insects use these chemicals to convey their mating availability to males, who can assess the maturity of females and thus decide when to mate [7, 8] . However, little is known about the biological mechanisms that enable males to assess female reproductive status. In this study, we found that females of Helicoverpa armigera avoid nonoptimal mating by inhibiting males with pheromone antagonist cis-11-Hexadecenol (Z11-16:OH). We also show that this antagonist-mediated optimization of mating time ensures maximum fecundity. To further investigate molecular aspects of this phenomenon, we used the CRISPR/Cas9 system to knock out odorant receptor 16 (OR16), the only pheromone receptor tuned to Z11-16:OH. In mutant males, electrophysiological and behavioral responses to Z11-16:OH were abolished. Inability to detect Z11-16:OH prompted the males to mate with immature females, which resulted in significantly reduced viability of eggs. In conclusion, our study demonstrates that the sensitivity of OR16 to Z11-16:OH regulates optimal mating time and thus ensures maximum fecundity. These results may suggest novel strategies to disrupt pest insect mating.
RESULTS

Pheromone Composition as a Function of Age
Besides the well-documented antagonist role of Z11-16:OH, inhibiting male courtship when added to primary component blend (Z11-16:Ald and Z9-16:Ald), it was also reported that Z9-14:Ald acts as pheromone antagonist at higher dosages, whereas the same compound is an agonist at lower dosages in Helicoverpa armigera [9] [10] [11] . Based on previous literature [7] , we hypothesized that the variable concentrations of pheromone antagonists emitted from female sex glands are somehow representative of female reproductive status (mature or immature) and thus allow males to select mature females for mating. To address this hypothesis, we first asked whether the concentrations of the pheromone antagonists Z11-16:OH and Z9-14:Ald changed over time in females. We found that the synthesis of all pheromone components started at day 2 after eclosion. The concentration of Z11-16:OH reached its maximal level at day 2 and rapidly decreased from day 3, with only traces were left on day 4. Z9-14:Ald was only present in traces at day 2, and its level did not significantly change during the next few days (Figure 1 ). It thus seems likely that Z11-16:OH somehow regulates mating time.
Generation of the HarmOR16 Knockout Strain
We used CRISPR/Cas9 to disrupt the gene encoding OR16, the only sex pheromone receptor tuned to Z11-16:OH [12, 13] . We first designed a single guide RNA (sgRNA) that targeted the third exon of the HarmOR16 gene. Next, we searched the potential off-target binding sites by using bioinformatics tools; no offtarget binding sites were found at other gene regions, showing a high specificity of this sgRNA. We injected in-vitro-transcribed Cas9 mRNA and the guide RNA into $1,000 eggs of H. armigera ( Figure 2A ). About 10% of the injected eggs yielded larvae that survived to adulthood and could thus be used to test the effects of the gene disruption ( Figure 2B ). We succeeded in screening out one homozygous strain, with OR16 1 and OR16 4 mutated alleles, which ensured the expression of a truncated OR16 protein ( Figures 2C and 2D ). The offspring of these homozygous strains were used for the subsequent electrophysiological and behavioral assays.
OR16 Mutants Show Impaired Electrophysiological
Responses to Z11-16:OH and Z9-14:Ald To investigate whether the response of OR16 neurons to Z11-16:OH and Z9-14:Ald was altered in the OR16 mutants, we carried out single-sensillum recordings with type-C long sensilla trichodea of male antennae using both antagonists, as well as three control stimuli: Z11-16:Ald, Z9-16:Ald, and Z9-16:OH. In addition to OR16 neurons, type-C sensilla are also known to house one olfactory receptor neuron (ORN) expressing the OR6 receptor, which is tuned to both Z9-14:Ald and Z9-16:Ald ( Figure 3A ) [12, 13] . The distinct responses of OR16 and OR6 neurons can be distinguished by their amplitudes in both wild-type (WT) and OR16 mutant males: the large spikes are indicative of OR16 neurons, and small spikes are indicative of OR6 neurons. We found that OR16 neurons still exhibit spontaneous activity even when they do not express functional OR16 ( Figure 3B ), although at a much lower level in the mutant compared to the WT ( Figure 3C ). Upon stimulation, OR16 neurons in WT insects responded to both Z11-16:OH and Z9-14:Ald, whereas OR16 neurons in mutants did not respond to Z11-16:OH or Z9-14:Ald at any of the tested concentrations ( Figure 3D ). The neighboring neurons in the same sensillum, which are known to express OR6 and to be tuned to Z9-16:Ald and Z9-14:Ald, still displayed responses to both aldehydes ( Figures 3D and 3E ). Figure 3F ). Similarly, dual-choice bioassays offering blend I and blend III (blend III: blend I with the addition of 5% Z9-14:Ald) showed that WT animals exhibited a preference for blend I, whereas mutants did not exhibit any preference ( Figure 3F ). 
Mating with Mature Female Benefits Reproduction Outputs
The results obtained in our electrophysiological and behavioral experiments prompted us to investigate the biological significance of OR16 and Z11-16:OH in male mating preference. To address this aspect, we designed single-pair courtship assays to monitor the age-related courtship success. In WT couples, no females mated during the first scotophase. The proportion of mating success among WT pairings reached nearly 10% at day 2 and sharply increased to a peak around 30% at day 3 (Figure 4A ). This was followed by a linear decrease with age. This pattern correlated well with the age-related changes in Z11-16:OH levels, again suggesting that females advertise sexual maturity by regulating Z11-16:OH levels and that males have evolved the ability to use this signal to get information on female receptivity to mating. We next analyzed OR16 mutants using the same-pair courtship assays. In pairs comprising a mutant male and a WT female, the peak of mating success occurred at day 2 ( Figure 4A ). This observation can be interpreted as follows: the maximum concentration of Z11-16:OH from 2-day-old females caused WT males to avoid mating, whereas the OR16 mutant males were not affected by this antagonist and mated frequently with immature females. Moreover, we demonstrated that artificially increasing concentration of Z11-16:OH in the blend of 3-day-old females could reproduce the low level of mating success observed at day 2 in WT couples ( Figure 4B ). Finally, we investigated whether the ability to differentiate female reproductive status affects fecundity. When comparing the fecundity of WT couples paired on days 2, 3, and 4 of female age, mating on day 3 produced a higher number of offspring relative to mating on the other days ( Figure 4C ). When comparing the total number of viable offspring produced in different pairs, those produced by WT couples were more than those obtained from the mutant pairings ( Figure 4D ). These results demonstrate that the pheromone antagonist Z11-16:OH acts as a regulatory signal Table S1 .
to indicate optimal mating times to males of H. armigera, thus ensuring maximum fecundity.
DISCUSSION
Sexual selection theory predicts that male choice, defined as male mating preference, is largely determined by female reproduction status [7, 14, 15] . In most insect species, females provide information about their reproductive status to potential mating partners by releasing chemical cues indicative of fecundity [16, 17] . The present study demonstrates that the detection of the pheromone antagonist Z11-16:OH by OR16 in H. armigera males prevents mating with immature females, thus increasing fecundity.
During the last few decades, several fatty acid derivatives have been identified from the sex pheromone gland of H. armigera [18, 19] . Of these components, Z11-16:Ald and Z9-16:Ald are regarded as major functional components. Previous reports have indicated that both Z11-16:Ald and Z9-16:Ald levels reach their peak at day 2 after emergence and remain constant thereafter [20] . However, it is important to observe that the peak period for both female fertility and mating activity occurs at day 3 [21] . This apparent incongruity suggests that the action of some minor pheromone components. Our results demonstrated that one pheromone antagonist Z11-16:OH acts as a regulatory signal to indicate optimal mating times in H. armigera, thus ensuring maximum fecundity by preventing males from mating with immature females.
At the molecular level, previous reports have indicated that specific ORs expressed in three functional types of sensilla trichoidea respond to different pheromone components. Electrophysiological studies using the in vitro Xenopus expression system have established that only OR16, which is housed in type-C trichoid sensilla on male antennae, is tuned to Z11-16:OH [12, 13] , although this has not been confirmed in vivo. As a newly developed and efficient genome-editing technique, the CRISPR/Cas9 system has been successfully applied in many functional studies in model species like Drosophila and mosquitoes [22, 23] , but only a few examples of its use in insect olfaction are available. To our knowledge, our work is the first CRISPR/Cas9 in which this approach has been applied to the olfactory receptor of the Lepidopteran pest H. armigera. This system induced a satisfactorily high rate of targeted and heritable mutations when targeted on the OR16 gene, suggesting that such approach can be suitable for future functional studies in this species. In addition to Z11-16:OH, another H. armigera sex pheromone component, Z9-14:Ald, also acts as pheromone antagonist, but only at high dosage [12, 18] . Gas chromatography-mass spectrometry (GC-MS) analysis has previously established that the concentration of Z9-14:Ald in the female sex pheromone gland is very low [18] and, as we found in the present study, that its levels do not change appreciably from day 2 to day 4. It thus seems clear that Z9-14:Ald is not involved in regulating mating time, a task performed only by Z11-16:OH. Our study also confirms that males use OR16 to detect Z9-14:Ald; OR16-deficient males did not show any avoidance behavior to blends containing high concentrations of this compound. Moreover, our study also shows that a second neuron expressing OR6 and housed in the same sensillum together with the one expressing OR16, still presented normal response to Z9-14:Ald in OR16-deficient males. Such electrophysiological response is likely to be associated with the agonistic effect of Z9-14:Ald when present at low concentrations in the pheromone blend [12] . This dual functionality of Z9-14:Ald is also supported by the existence of two ORNs that respond to Z9-14:Ald in Helicoverpa zea [24] .
H. armigera is an economically important pest worldwide and very difficult to control. In fact, it is a polyphagous species feeding on about 180 species of plants [25] and is extremely prolific, as a single female can give birth to 800-1,000 offspring, making it difficult to control. Having elucidated the function of Z11-16:OH in regulating mating behavior, we can now design strategies based on the use of this semiochemical to disrupt mating and control the population of this pest.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
H. armigera were reared at the institute of Plant Protection of the Chinese academy of Agricultural Sciences in Beijing, China. Larvae were reared on artificial diet [27] . Pupae were checked daily for emergence and moths were fed with 10% sugar solution. The conditions for insect rearing were: 25 ± 1 C, 14:10 hr (Light: Dark) photoperiod, and 55%-65% RH. 1-4 days old virgin females were used for pheromone extraction and analysis experiments. 3-4 days old virgin males were used for electrophysiology and two choice behavioral experiments. New eclosed females and males were used for mating behavioral experiments. REAGENT METHOD DETAILS sgRNA design and synthesis According to the design principle 5 0 -GG(18N)NGG-3 0 , one small sequence 5 0 -GGATCGGTCTAAGCAAGCCATGG-3 0 located in exon 3 of HarmOR16 was selected as the sgRNA target site ( Figure 2B ) [28] . Beside this, the sgRNA was also designed with a T7 promoter and the guide RNA sequence (Figure 2A) . The dsDNA template for sgRNA production was generated using a pair of long primers. The PCR reaction volumes contained 25 mL 2 3 Primerstar Mix, 1.5 mL (10 mM) CRISPR F primer, 1.5 mL (10 mM) CRISPR R primer, and 22 mL DEPC H 2 O. The thermocycling program was 98 C for 1min, 40 cycles of 98 C for 10 s, 60 C for 15 s, and 72 C for 15 s, with a final step of 72 C for 10min [29] . PCR products were later purified using an EasyPure PCR Purification Kit (TransGen). In vitro transcription was performed with a MAXIscript T7 Kit (Ambion) following the product instructions.
Cas9 mRNA production
The Cas9 endonuclease gene with a SV40 nuclear localization (NLS) signal at its C terminus was sub-cloned into the pTD1-T7 vector [26] . The pTD1-T7-Cas9 vector was pre-linearized with Not I restriction enzyme (Fermentas). Cas9 mRNA was synthesized in vitro with a mMESSAGE mMACHINE T7 Kit (Ambion) according to the product instructions.
Egg collection and microinjection
Freshly laid eggs were collected and placed on a microscope slide and fixed with double-sided adhesive tape. These operations were finished within half one hour after oviposition. Microinjection into these pretreated eggs was performed with a mixture of Cas9-coding mRNA and sgRNA, with final concentrations of 500 ng/mL and 150 ng/mL, respectively. Approximately 1000 eggs were injected and incubated at 25 C and 65% RH for 3-4 days until hatching.
Restriction enzyme digestion assay
To investigate on-target efficiency, genomic DNA was extracted with a TIANamp Genomic DNA Kit (Tiangen) according to the product instructions. A long stretch of the genomic fragment (1800-2000bp) flanking the target site was successfully amplified from the genomic sequence. The PCR reaction volume contained 25 mL 2 3 Primerstar Mix, 1.5 mL (10 mM) F primer, 1.5 mL (10 mM) R primer, 2 mL DNA, and 20 mL DEPC H 2 O. The thermocycling program was: 98 C for 1min, 40 cycles of 98 C for 10 s, 60 C for 15 s and 72 C for 2min, followed by a final extension period of 72 C for 10min. A restriction enzyme (Nco I) cutting site adjacent to the PAM sequence was targeted in the restriction enzyme digestion (RED) assay. A total of 10 mL of PCR amplicons were then digested with 1 U of Nco I (Thermo) at 37 C for 30min and then analyzed via agarose gel electrophoresis. The two cleaved resulting from NcoI digestion suggested that mutation had not occurred, while uncleaved bands indicated that the sample contained mutations [30] .
DNA Sequencing
The uncleaved bands were recovered using an EasyPure Quick Gel Extraction Kit (TransGen) and cloned into the pEASY-Blunt cloning vector (TransGen) according to the product instructions. We then transformed these plasmid DNA into Trans-T1 competent cells (TransGen). Finally, selected positive clones were sequenced commercially.
Screening homozygote mutants A total of one hundred larvae hatched from among the one thousand microinjected G0 eggs. When these F0 individuals grew into adults, we randomly grouped 40 pairs of parents and each pair in plastic cups and allowed them to mate and lay eggs. After oviposition, their whole bodies were used to extract genomic DNA for further genotyping of mutants by Nco I digestion and DNA sequencing.
Pheromone extraction and analysis
Single sex pheromone glands from 1-4 days old virgin females which entered into scotphase for six hours were dissected and extracted with 10 mL hexane for 20min in small glass tubes at room temperature [18, 20] . The hexane extracts were then analyzed by gas chromatography-mass spectrometry (GC-MS) with an Agilent 5973 mass selective detector and an Agilent HP6890 network gas chromatograph (GC) system that was equipped with high resolution capillary column (Agilent J&W DB-1MS GC Column, 30 m, 0.25 mm, 0.25 mm). The oven was programmed for 40 C for 4 min, then a ramp of 10 C/min to 280 C and held for 20 min. Identification of all tentatively compounds were performed by comparing the mass spectra of the chromatographic peaks with entries in the database. Finally, the confirmation of compound identities was ensured by comparing their retention times with those of authentic compounds measured at the same conditions.
Electrophysiology
3-4 days old virgin males for OR16
À/À and wide-type were used to conduct electrophysiology experiments. Males were restrained in a 1 mL plastic pipette tip with the whole head protruding, fixed to the rim of the pipette tip with dental wax, while one of the exposed antenna was attached to a coverslip with double-face adhesive tape. For recording, we used a tungsten wire inserted into the eye of moth as a reference electrode. The recording electrode was also a tungsten wire, which was electrolytically sharpened by repeatedly immersing the tip into 28% KNO 2 solution. The recording electrode was attached to an olfactory probe (Syntech) and inserted into the base of each trichoidea sensillum until a stable electrical signal with a high signal-to-noise ratio was attained. The recordings were performed under a LEICA Z16 APO microscope at 920 3 magnification. For stimulus delivery, 10 mL of the solution was dripped on a filter paper strip (0.8 cm 3 2.6 cm) inserted in a Pasteur pipette (15 cm long). A flow of purified and humidified air continuously blew toward the antenna through a 14-cm-long metal tube controller (Syntech, Hilversum, Netherlands). The fixed antennae were exposed to a 300-ms odor air pulse with an air flow of 20 mL/s delivered through a Pasteur pipette. The pre-amplifier was set at a gain of 10 3. Using the software package Autospike 32 (Syntech), action potentials were amplified, digitized and visualized on a computer screen. The number of OSNs housed in single sensillum could be defined based on their differences in spike amplitudes.
Two choice behavioral assays
We performed two choice behavioral assays on 3-4 days old virgin males for OR16 À/À and wide type. H. armigera males to orientate toward synthetic chemical blends were performed in a glass Y-tube olfactometer. The basic structure of this olfactometer consisted of a stem (60cm long, 6cm diameter) with two arms (45cm long, 5cm diameter) opposed at a 60 angle. The rate of airflow was 1.0L/min and was controlled by connecting the olfactometer arms to a vacuum pump. Before entering the tube, air was filtered through activated charcoal. To start a measurement, one 3-4 day old male was placed at the base of the olfactometer stem and its behavior was recorded for 5min under a 0.61 lux red lamp in a dark room [18] . During observation, each male's first and final choices were recorded. Also, the time males spent in each arm of the olfactometer was recorded. The Y-tubes were used only one time. Y-tubes were cleaned with acetone and oven dried at 100 C for at least 2h. In addition to standard blend I, Blend II and III were prepared for the bioassays. Their blend compositions were as follows: II = Z11-16:Ald (97%) + Z9-16:Ald (3%)+ Z11-16:OH (10%), III = Z11-16:Ald (97%) + Z9-16:Ald (3%)+Z9-14:Ald (5%). All these prepared blends were dissolved with paraffin oil at 0.1 mg/ml, and 100 mL of each blend was loaded onto filter papers.
Mating assays
The mating assays were carried out essentially as described previously [31, 32] . Briefly, we put pairs of newly eclosed female and male into each container and count the mating rates from first scotophase to 7th scotophase. We test three replications. Each replication contained 100 pairs.
Reproductive output
After mating, we randomly selected eight WT groups at each mating age, allowed females to lay eggs on gauze until they died, and recorded the total number of offspring. We also selected a total of twenty-four WT or mutant groups (eight at each mating age) to record the total number of offspring.
QUANTIFICATION AND STATISTICAL ANALYSIS
For pheromone extraction and analysis, ten samples were harvested on each of the four days of the experiments. We attained the relative ratios of Z11-16: OH and Z9-14: Ald by comparing with the peak area of the most prevalent components, Z11-16:Ald, as 100%. The data are shown as means ± SD and analyzed by Student's t test. ***, p < 0.001; NS, p > 0.05. For electrophysiology experiments, we attained the spontaneous activity of neurons by counting the number of their action potentials in 1 s. We totally tested 12-13 sample sensilla. Data are analyzed by Student's t test. Error bars indicate the SEM. **, p < 0.001; NS, p > 0.05. The response values to specific odor stimuli were calculated as the differences in spike numbers observed between 1 s before and 1 s after stimulus delivery. We totally test 18-20 sample sensilla. Error bars indicate the SEM. For two choice behavioral experiments, each odor was tested in three to four replications. Each replication contained 30 male individuals. We used three indexes to evaluate male behavioral choice, including the first choice, the final choice and the retention time. The first choice was evaluated by comparing the number of males that made the first choice of orientating to each arm over the total number of males orientating to both arms. The final choice was evaluated by comparing the number of males that made the final choice of orientating to each arm over the total number of males orientating to both arms. The retention time was evaluated by comparing the ratio of the time spent in each arm over the total time spent in both arms. The data are shown as means ± SEM and analyzed by Chi-square test. For mating assays, we test three replications. Each replication contained 100 pairs of male and female. Data were analyzed by Student's t test. Error bars indicate the SEM. ***, p < 0.001; **, p < 0.01. For reproductive output experiments, we test three replications. In comparison with the number of offspring laid by females with different mating age, each replication represented the total number of offspring from eight pregnant females. The data were analyzed by one-way analysis of variance (ANOVA). Error bars indicate the SEM. In comparison with the number of offspring laid by females from mutant and wide-type group, each replication represented the total number of offspring from twenty-four WT or mutant groups (eight at each mating age). The data were analyzed by Student's t test. Error bars indicate the SEM. ***, p < 0.001. All statistical analyses were performed using SPSS 17.0 software. See Tables S1, S2 , and S3 for a description.
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